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Abstract 8 
Gaseous elemental mercury (GEM, Hg) emissions are transformed to divalent reactive Hg (RM) forms 9 
throughout the troposphere and stratosphere. RM is often operationally quantified as the sum of particle 10 
bound Hg (PBM) and gaseous oxidized Hg (GOM). The measurement of GOM and PBM is challenging and 11 
under mounting criticism. Here we intercompare six months of automated GOM and PBM measurements 12 
using a Tekran® (TK) KCl-coated denuder and quartz regenerable particulate filter method (GOMTK, PBMTK, 13 
and RMTK) with RMCEM collected on cation exchange membranes (CEMs) at the high altitude Pic du Midi 14 
Observatory. We find that RMTK is systematically lower by a factor of 1.3 than RMCEM. We observe a 15 
significant relationship between GOMTK (but not PBMTK) and Tekran® flushTK blanks suggesting significant loss 16 
(32%) of labile GOMTK from the denuder or inlet. Adding the flushTK blank to RMTK results in good agreement 17 
with RMCEM (slope=1.01, r
2=0.90) suggesting we can correct bias in RMTK and GOMTK. We provide a bias 18 
corrected (*) Pic du Midi dataset for 2012-2014 that shows GOM* and RM* levels in dry free tropospheric 19 
air of 198±57 and 229±58 pg m-3 which agree well with in-flight observed RM and with model based GOM 20 
and RM estimates. 21 
  22 
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1. Introduction: 28 
Mercury (Hg) is a pollutant of global concern with anthropogenic emissions outweighing natural volcanic 29 
emissions by an order of magnitude [1]. Due to its long atmospheric lifetime, on the order of 4 to 12 months, 30 
atmospheric circulation carries gaseous elemental Hg (GEM) emissions across the globe and into the upper 31 
troposphere and stratosphere [2-4]. Apart from wet deposition, four operationally defined forms of 32 
atmospheric Hg have been studied and/or monitored: GEM, gaseous oxidized mercury (GOM), particulate 33 
bound mercury (PBM), or divalent reactive Hg (RM), which is the sum of GOM and PBM. In the lower 34 
troposphere GOM and PBM are rapidly (days-weeks) transferred to the Earth’s surface via wet (i.e. rain and 35 
snow fall) and dry deposition (Lindberg et al., 2007). In the upper troposphere and stratosphere, GOM and 36 
PBM have longer lifetimes on the order of weeks to months [5]. GEM emissions can be transformed to RM 37 
by oxidation, but the exact nature of the oxidant(s) (O3, OH and Br, NOx) and the produced oxidized forms of 38 
Hg (HgCl2, HgBr2, HgO, HgNO3, HgSO4, PBM) are topics of debate [6-10]. 39 
Operational quantification of GOM, PBM, or RM has been performed by a variety of techniques 40 
including sequential oxidizing solution traps (Ontario-Hydro method)[11], mist chambers [12], KCl-coated 41 
tubular and annular denuders [13, 14], cation exchange membranes [15-17], indirect difference-based RM 42 
(as total mercury (TM) – GEM[18-20]), and chemical ionization mass spectrometry [21]. KCl-coated denuders 43 
and regenerable quartz filters have been integrated in automated atmospheric Hg speciation analyzers [13]. 44 
The automated speciation systems have permitted great advances in our understanding of atmospheric Hg 45 
dynamics, and have become the workhorse of modern Hg speciation monitoring networks such as AMNet, 46 
GMOS and CAMnet [22-24]. 47 
 Previous research has identified analytical issues with KCl-coated denuder based GOM sampling. 48 
Interferences with relative humidity and ambient levels of ozone affect GOM adsorption to KCl [25-28]. The 49 
RAMIX project extensively investigated different GOM detection methods [29, 30]. It was observed that 50 
cation exchange membranes (CEM) collect between 1.3 and 3.7 times more Hg than KCl-denuders in 51 
laboratory and field experiments [16, 26]. Criticism on GOM (and PBM) sampling with denuders is mounting 52 
and emphasizes the need for better calibration and identification methods for GOM and renewed 53 
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development of alternative methods [31]. The observed inefficiencies of GOM collection by KCl-coated 54 
denuders illustrate the operational and qualitative nature of the method. Given the wealth of observations 55 
made with automated denuder based Hg speciation systems over the past decade it is also of interest to 56 
develop a GOM and/or RM loss correction method and, where possible, re-evaluate datasets acquired over 57 
the past 15 years.  58 
 In this study we compare manual CEM sampling of RM to automated KCl-denuder and quartz filter 59 
sampling of GOM and PBM using a Tekran® 1130/1135/2537B system at the high altitude Pic du Midi 60 
Observatory (2877m asl, French Pyrenees). In addition, we discuss remarkable, but recurring, observations 61 
on denuder flush blanks in relation to GOM levels. The ensemble of automated and manual RM observations 62 
allows us to propose a RM and GOM loss correction method for the Pic du Midi dataset. 63 
 64 
2. Methods: 65 
2.1. Sampling Site 66 
The Pic du Midi Observatory (PDM, 42.937 N, 0.142 E, 2877 m a.s.l) is a high-altitude site situated on the 67 
northern edge of the Pyrenees mountains (France). PDM typically receives free tropospheric air masses from 68 
the North Atlantic Ocean and continental Europe. PDM has no nearby anthropogenic emission point sources, 69 
but does receive polluted boundary layer air masses from nearby valleys during daytime upslope winds [32, 70 
33]. 71 
 72 
2.2. Automated Hg speciation measurements 73 
From 18th November 2011 to 31th December 2014, GEMTK, GOMTK and PBMTK were continuously measured at 74 
The Pic du Midi observatory, using a Hg speciation unit (1130/1135) coupled to a 2537B analyser (Tekran 75 
Inc., Canada). All Tekran® 2537B/1130/1135 components are housed in-doors at PDM due to high lightning 76 
risk in summer and abundant ice riming the rest of the year. Ambient air was provided to the Tekran® unit 77 
using the Tekran® 1104 Teflon coated, heated (50oC) manifold, operating at 100 L min-1. GOMTK, PBMTK and 78 
GEMTK are sampled through KCl-coated denuder, quartz fiber filter and dual gold cartridges respectively. 79 
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GEMTK was collected every 5 minutes at 0.7 L min
-1 and GOMTK and PBMTK are collected at one hour intervals 80 
at a flow rate of 5.6 L min-1 (flow rates relative to standard conditions, i.e. 273.14oK and 1013 hPa). Detailed 81 
standard operating procedures (SOPs), based on Tekran® manuals and consistent with AMNet and GMOS 82 
SOPs, QA/QC and results for the period 18/11/2011 to 17/11/2012 have been presented elsewhere [33]. In 83 
this study GOMTK and PBMTK are calculated without subtraction of the flush blank in order to evaluate the 84 
behaviour of the flush blank itself. The full 2012-2014 PDM dataset is provided in the supporting information 85 
(SI-1). A calibration error for the year 2012 was corrected leading to lower GEM values than in [REF] (1.54 86 
instead of 1.86 ng m-3), and consistent annual mean GEM values for 2012, 2013, 2014 of 1.54, 1.54, and 1.53 87 
ng m-3. 88 
 89 
2.3. CEM deployment and analysis 90 
Based on the methods published by Huang et al., (2013), we used polyethersulfone CEMs, 47 and/or 90mm, 91 
0.45µm pore size, Sterlitech Corporation and Millipore brands), to sample RM. Ambient atmospheric air was 92 
pumped at 1 L min-1 (47mm filters) or 4 L min-1 (90mm filters) from the same ambient air flow used by the 93 
Tekran® system and provided via two of the six side ports on the Tekran® 1104 manifold. Teflon filter 94 
holders (Savillex®) and 10 cm long ¼’’ Teflon tubing were used to sample RM on CEMs as close as possible to 95 
the undisturbed ambient air flow as possible. We assume that RM did not degrade during the 63 96 
milliseconds it took from the manifold flow to the CEM. A ball flow meter (Fisher Scientific), membrane 97 
pump (KNF), and gas volume meter (JHC) sampling train was used to regulate and quantify the total volume 98 
sampled, and was calibrated before and after each sampling period using a Bios Defender calibration unit. 99 
Teflon filter holders and tubing were acid washed, rinsed with MilliQ water, and double zip-lock bagged in a 100 
class-100 laminar flow hood before field deployment. Following sampling, CEMs were refrigerated (4oC) and 101 
kept in the dark until analysis. To collect a sufficient quantity of RM, CEMs were deployed over 14 days. 102 
In the laboratory, RM was extracted from each CEM in 10ml 20 vol.% inverse aqua regia (2:1 HNO3: 103 
HCl, both double-distilled) in closed Teflon beakers for 12 hours at 120oC. Hg concentrations of the extracts 104 
were determined by cold vapor atomic fluorescence spectrometry (CV-AFS) using a Brooks Rand Model III 105 
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AFS detector. The CV-AFS calibration range was 0-100 pg, made using dilutions of the NIST 3133 certified 106 
reference material (CRM), and had a limit of detection (LOD, 3σ of blanks) of 5.0 pg Hg. The CRM NRC ORMS-107 
4 (certified at 26.2 ng L-1) was analysed multiple times during each CV-AFS session with good results and a 108 
long-term precision of 10% (1σ). All CEM data are shown in Table 1 and completed with ancillary parameters 109 
in the supporting information (SI-2). 110 
 111 
2.4. CEM Hg blanks 112 
Extraction blanks of untreated CEMs were determined using the protocol describe in section 2.3. We 113 
have not attempted to decontaminate CEMs in acidic solutions, in fear of compromising the 114 
polyethersulfone structure and functional groups. Reagent blanks were 12 ± 14 pg of Hg (1σ, n=5). Sterlitech 115 
47 and 90 mm CEM blanks were on average 464 ± 85 pg of Hg (1σ, n=9), and 3179 pg ± 564 of Hg (1σ, n=6) 116 
which can be considered as very elevated. Millipore 47 and 90 mm CEM blanks were 60 ± 13 pg of Hg (1σ, 117 
n=12), and 157 pg ± 23 pg of Hg (1σ, n=19). These results indicate that untreated CEM blanks scale with 118 
membrane surface area and depend on the manufacturer. The associated limits of detection (LOD, 3σ of 119 
blank) are 255, 1700, 39 and 69 pg Hg respectively. Typical amounts of Hg collected during bi-weekly 120 
sampling periods range from 1.32 to 10.3 ng Hg (Sterlitech) and from 0.49 to 2.6 ng Hg (Millipore) and were 121 
above the methods LOD. Because of the lower blanks, we switched halfway this study from Sterlitech to the 122 
cleaner Millipore membranes. This permitted us to explore daily sampling of RM, using the Millipore 90mm 123 
filters with the 157 pg blank and 69pg LOD. Five daily samples were collected from 1/12/2014 to 6/12/2014 124 
which ranged from 300 to 1200 pg Hg. In the discussion below the corresponding filter blanks were 125 
subtracted for all samples.  126 
 127 
3. Results and discussion 128 
CEMs have been applied to manual trace level GOM sampling since the 1990s [17]. CEMs have recently 129 
regained interest as KCL-denuder based automated GOM collection is sensitive to bias [16, 25, 26]. Huang et 130 
al. performed QA/QC testing on GOM collection efficiency by 47mm, 0.45μm CEMs using controlled GOM 131 
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dosing by permeation sources. They observed no breakthrough of GOM from CEMs under a flow of 1 L min-132 
1, deployed for 8h (experiments), or up to 7 days (outdoors ambient air). They also did not observe GEM 133 
capture on CEMs at experimental GEM levels <13 ng m-3. Controlled GOM dosing of high levels (150-3000 pg 134 
m-3) of gaseous and HgBr2, HgCl2, and HgO revealed 1.6, 2.4 and 3.7 times higher collection efficiency on 135 
CEMs compared to automated KCl-coated denuders. In this study we deployed 47mm, 0.45μm CEMs at 1 L 136 
min-1, similar to Huang et al., in order to avoid breakthrough issues. We scaled up the flow rate to 4 L min-1 137 
when using the larger 90mm 0.45μm CEMs. 138 
Table 1 and SI-2 summarize CEM deployment conditions, RMCEM amounts (pg Hg) and RMCEM 139 
concentrations (pg m-3), corresponding mean GEMTK, GOMTK, PBMTK, the three consecutive flushTK blanks, 140 
and pyrolizerTK blank measured with the Tekran® system, and corresponding meteorology, CO and O3 from 141 
the PAES database [34]. Figure 1d shows that RMCEM collected on the CEMs is 1.26x higher (r
2=0.85) than 142 
RMTK concentrations from the automated Tekran® system, calculated as the sum of KCl-coated denuder 143 
based GOMTK and quartz filter based PBMTK concentrations. This result is similar to field deployment of CEMs 144 
at three sites by Huang et al. who found 1.5 ± 0.4 (1σ, r2=0.53) times higher RM on CEMs than automated 145 
denuders and RPFs. A substantial fraction of RMTK thus appears to be lost from the automated GOMTK and 146 
PBMTK collection system. 147 
 148 
A second line of evidence for RMTK loss from the automated system comes from the bi-hourly flushTK cycle(s) 149 
that immediately follow GOMTK and PBMTK collection, and precede the GOMTK and PBMTK desorption and 150 
quantification sequence. Figure 1a, which summarizes three years of data, shows a significant correlation 151 
(slope=0.48, r2=0.62) between the amount of Hg released during the three 5-min flush cycles (flushTK1-3) and 152 
the amount subsequently detected as GOMTK during the three 5-min denuder desorption cycles. A similar 153 
correlation is obtained for bi-weekly integrated GOMTK and flushTK shown in Figure 1a (slope of 0.46, 154 
r2=0.83). Table 2 illustrates the sequence of events in detail for a 1-hour Hg speciation analysis periods that 155 
was part of high GOM event#7. The data correspond to the maximum GOM concentration of 167 pg m-3 156 
detected during a long-lived (12h) GOM event that was discussed in detail elsewhere [33]. GOM event #7 is a 157 
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typical summer time phenomenon where upper free tropospheric air descends onto the PDM. Table 2 158 
illustrates how the three flushTK cycles, which follow a full hour of automated GEMTK analysis (last two cycles 159 
only shown) and parallel GOMTK and PBMTK sampling, produce elevated flushTK readings of 27, 21, 11 pg m
-3.  160 
Hg monitoring networks that use Tekran® systems use standard operating procedures (SOPs) that 161 
calculate GOM and PBM as the sum of their respective three desorption cycles minus three times the value 162 
of the third flush cycle. The initial two flush cycles are aimed at purging residual ambient air from the 163 
system’s dead volume, so that the third flush cycle is thought to represent the instrumental blank during 164 
denuder and RPF heating cycles. With a dead volume of approximately 1 L, and ambient GEMTK levels of 1.5 165 
ng m-3, the amount of Hg detected during the first flush cycle should be on the order of 1.5 pg Hg, and shown 166 
in the first flushTK1 cycle as 5 pg m
-3 (taking into account relevant scaling factors). The total amount of Hg 167 
detected during the three flush cycles (flushTK= 27+21+11=59 pg m
-3) is one order larger than such a dead 168 
volume effect. In order to understand which of the Tekran® components (i.e. inlet+denuder, RPF or 169 
pyrolizer) releases Hg during the flush cycles we examined potential correlations between flushTK and PBMTK 170 
(r2=0.01), pyrolizer cycle Hg, RH, CO, O3, air temperature etc. yet found none (Figure 1c). The observation 171 
that flushTK does not correlate with PBMTK is also illustrated in Table 2 for a 2
nd Hg speciation period that 172 
represents the maximum PBMTK concentration detected during PBM event #12 discussed in detail by Fu et 173 
al., (2016). PBM event#12 is a typical winter time phenomena where cold middle to upper free tropospheric 174 
air with elevated PBM (here 94 pg m-3) is regularly observed at PDM. The total amount of Hg detected during 175 
the three flush cycles (Hgflush = 3.2+1.9+0=5.1 pg m
-3) is now similar to dead volume and regular instrumental 176 
blank levels. We therefore strongly suspect that the elevated flushTK levels are caused by Hg loss from the 177 
KCl-coated denuder and/or heated inlet and not the RPF or pyrolizer components. 178 
The observation that Hg loss from the denuder during the flush cycles (flushTK) is proportional to the 179 
amount of GOMTK detected during subsequent denuder heating cycles leads to the question whether we can 180 
correct existing atmospheric Hg speciation datasets by adding flushTK to GOMTK. In order to evaluate this we 181 
need to understand whether GOM is only lost during the three 5-min flush cycles, when Hg-free air provided 182 
by the Tekran® instrument flushes the inlet glassware, denuder, RPF and transfer tubing, or whether it is lost 183 
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continuously during the entire 1 hour sampling period. In Figure 1e we compare the sum of 184 
GOMTK+PBMTK+flushTK to RMCEM and observed an excellent correlation (slope is 1.01, r
2=0.90) that is 185 
indicative of mass balance within the combined analytical uncertainties. The mass balance suggests that 186 
most likely GOM is not lost continuously during sampling, but occurs specifically during the introduction of 187 
Hg-free air during the flush cycles. We will now explore the use of Tekran® system PBMTK observations to 188 
approximate GOMCEM collected onto the CEMs by difference: GOMCEM = RMCEM – PBMTK. In doing so we can 189 
estimate a GOM loss factor from KCl-coated denuder by comparing GOMCEM to GOMTK. Figure 1f shows that 190 
GOMCEM is consistently higher by a factor of 1.56 than GOMTK throughout the dataset, and regardless of filter 191 
type, sampling flow rate, weather conditions, air mass origin or sampling duration (1 day vs 2 weeks). RAMIX 192 
project results showed that experimental HgBr2 retention was 1.6 and 2.0 times higher on CEMs than on 193 
automated denuders and a RM difference method, which may suggest that GOM at the PDM is 194 
predominantly in the HgBr2 form[16, 35]. 195 
Figure 1a also shows that there is substantial variability in the ratio of flushTK to GOMTK for each 2-196 
hour period. At times flushTK represents only 20% of GOMTK and at other times up to 200%, i.e. more GOM is 197 
lost than detected. Most likely this variability relates to the retention efficiency of different GOM 198 
compounds under the influence of different ambient air components such as O3 and RH that are known to 199 
affect GOM retention on denuders [25, 26]. Using our parallel bi-weekly CEM and Tekran® observations we 200 
have explored whether the flushTK/GOMTK, flushTK/GOMCEM or GOMTK/GOMCEM ratios correlate with RH, CO, 201 
O3, GEM etc., but without succes. Most likely the longer 14-day CEM sampling period averages out variable 202 
GOMTK loss conditions and trends are lost. We have further attempted to document more variable 203 
GOMCEM/GOMTK denuder loss factors and correlate these with flushTK/GOMTK ratios by sampling RMCEM at a 204 
daily frequency (and higher flow rate of 13 L min-1) during the short period from 1/12/2016 to 5/12/2016. 205 
However, similar RMTK and GOMTK loss factors of 1.3 and 1.8 were observed as compared to bi-weekly 206 
integrated loss factors. Longer campaigns deploying even higher time resolution for CEMs (12h or less) will 207 
be required to study variations in GOMTK loss due to GOM forms or different control factors. 208 
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Finally, we need to consider whether the GOMTK lost from the denuder impacts GEMTK 209 
measurements. Monitoring network SOPs recommend the following blank subtraction for PBMTK and GOMTK 210 
quantification (Table 2): sum of PBM (or GOM) cycles 1 to 3 – 3x flushTK3. We observed that the three 211 
consecutive flush cycles 1-3 are also inter-correlated, e.g. flushTK3 =0.06 x flushTK1-3 (r
2=0.63; see SI-2). This 212 
suggests that flushTK3 does not represent the instrument blank but is controlled by GOM loss at PDM. Since 213 
flushTK3 is heavily impacted by GOMTK loss the SOPs regularly overestimate the true PBMTK and GOMTK blanks 214 
and thereby further bias PBMTK and GOMTK to lower values. For the PDM dataset (SI-2) we therefore do not 215 
further correct the integrated PBMTK and GOMTK cycles, i.e. we do not correct for blanks and propose the 216 
following equations for GOMTK* and PBMTK* quantification: 217 
GOMTK* = ∑GOMTK1-3 + ∑ﬂushTK1-3 218 
PBMTK* = ∑PBMTK1-3 219 
In SI-2 we make available both the uncorrected and bias corrected (indicated by *, i.e GOMTK*, PBMTK*, 220 
GEMTK*, RMTK*) PDM Hg speciation dataset for the period 2011-2014, including ancillary parameters. 221 
 222 
4. Implications for atmospheric Hg science 223 
Our observation at PDM that denuder-based GOMTK is approximately 1.6-fold underestimated may have 224 
important ramifications for global Hg cycling models that adjust GEM oxidation rates and mechanisms to fit 225 
denuder-based GOMTK observations. Here we discuss PDM observations in comparison to other high-226 
elevation sites, aircraft campaigns, and model results. Manual denuder-based GOM and/or PBM collection 227 
and quantification have been used by two aircraft studies [18, 36]. Continuous in-flight RM detection is more 228 
regularly performed using the Dual-channel Oxidized Hg System (DOhGS) method [9, 10, 18-20]. The DOhGS 229 
is a difference method, analysing total Hg (TM, by a pyrolizer) and GEM simultaneously on two parallel 230 
Tekran® 2537 analyzers, with a RM (= TM – GEM) LOD of 0.05 to 0.28 ng m-3, sufficient for free tropospheric 231 
or stratospheric observations. Lyman and Jaffe (2011) reported elevated RM from 80 to 600 pg m-3 during an 232 
NCAR C-130 flight in a stratosphere-influenced air mass intersected at 6-7km altitude over the USA. Upper 233 
tropospheric air masses during the same flight were documented to contain <49 (LOD) to 220 ng m-3 of RM. 234 
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Subsequent deployment of the DOhGS during 19 NOMADSS flights over the central and eastern USA[10] 235 
documented RM levels above the LOD of 212 ± 112 pg m-3. The GEOS-Chem Hg model (version 9-02) with 236 
bromine (Br) chemistry was not able to reproduce the observed RM (simulated RM of 67 ± 44 pg m-3), 237 
suggesting either an underestimation of Hg(0) + Br oxidation rates or Br concentration. The highest RM 238 
concentrations, 300–680 pg m−3, were observed in dry (RH < 35 %) and clean air masses during two flights 239 
over Texas at 5–7 km altitude and off the North Carolina coast at 1–3 km [10]. At the PDM we observed from 240 
2012-2014 a total of 360 2h periods where GOMTK* levels were >95
th percentile of all GOMTK* data. These 241 
high GOM* events are characteristic of free tropospheric air masses from various altitudes and had mean 242 
GOMTK* and RMTK* of 198±57 and 229±58 pg m
-3 which is very similar to the mean RM level of 212 pg m-3 243 
observed during the 19 NOMADSS flights. From 2012-2014 the maximum RMTK* at PDM detected was 470 244 
pg m-3, and 47 GOMTK* events had RM >300 pg m
-3 which is also within the range of highest RM during 245 
NOMADSS. A more in-depth analysis of NOMADSS RF-06 flight where TM, RM, GEM and BrO were 246 
simultaneously observed in the free troposphere over Texas resolved the model vs. observation RM 247 
mismatch [9]. BrO was quantified using airborne differential optical absorption spectroscopy (DOAS). GEOS-248 
Chem correctly predicted the RM-rich air mass, yet underestimated the magnitude of the enhancement. 249 
Modeled BrO mixing ratios (0.40 pptv) were significantly lower than in situ BrO measurements (1.9 pptv), 250 
leading the authors to suggest that Br concentrations in GEOS-Chem are biased low, causing the 251 
underestimated RM levels [9]. However, substantial disagreement exists on BrO levels in the free 252 
troposphere where DOAS techniques yield 2-4 times higher BrO levels (0.3 to 3.4 pptv [9, 37]) than those 253 
predicted (GEOS-Chem) or observed by chemical ionization mass spectrometry (CIMS, with nearly all 254 
tropospheric BrO <1 pptv LOD [38]). More accurate observations of BrO are therefore just as essential as 255 
accurate RM measurements in our quest to understand atmospheric GEM oxidation pathways.  256 
Weiss-Penzias et al. (2015) reviewed GEM and RM (calculated as GOM+PBM from Tekran® analyzers) 257 
observations from five high-elevation sites and compared them with the GEOS-Chem model (version 9-01-258 
01). RM levels in a free tropospheric subset of the data (identified as dry air with <75th percentile of water 259 
vapour levels at each site) show an annual mean of 34 pg m-3. The highest RM concentrations occurred 260 
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during summertime dry air conditions at DRI, MBO and SPL (mean 61 pg m-3) sites, but not LABS (due to 261 
humidity and high wet deposition). Non-bias corrected PDM observations for dry air (same <75th percentile 262 
criterion) show similar annual and summertime mean RMTK levels of 51 and 44 pg m
-3 respectively, and 263 
maximum RM in spring (63 pg m-3). Annual mean modelled dry air RM of 84 g m-3 (Table SI-1 in ref. X) at the 264 
reviewed high-elevation sites over-predicted the reviewed observations, with annual mean RM of 34 pg m-3, 265 
by a factor of 2.5 [8]. Annual mean, bias corrected, RMTK* in dry air at PDM is 58 pg m
-3, which is still lower 266 
than the modelled RM of 84 pg m-3, but only within a factor 1.5. It should be noted that dry air RMTK* 267 
depends on the quartile used for water vapour screening [8], i.e. RMTK* is 58, 66 and 80 pg m
-3 for the 75th, 268 
50th and 25th percentile WV-screening cut-off, the latter being much more relevant for delimiting free 269 
tropospheric dry air at PDM. Therefore, based on our PDM observations, mountain-top RM observations by 270 
denuder methods, when corrected for GOMTK loss, would yield RMTK* levels that are closer to simulated RM 271 
by the GEOS-Chem model and regardless of Br oxidation or OH-O3 oxidation schemes used.  272 
In conclusion, we showed that automated KCl-coated denuder based detection of GOM at the Pic du 273 
Midi can be corrected for GOM loss by including Hg detected during the instrument’s flush cycles. Future 274 
research should further examine flushTK cycle behaviour and intercompare denuder-based GOM and PBM 275 
measurements with CEM based RM at a variety of sites, including but not limited to urban-industrial areas, 276 
remote terrestrial, marine boundary layer or polar sites. New studies should also attempt to understand 277 
which of the Tekran® inlet glass ware or the KCl-coated denuder is the primary cause of Hg loss during the 278 
flush cycles, and if possible investigate technical solution to the problem. More accurate RM observations at 279 
mountain-tops should also stimulate continued testing of GEM oxidation schemes in atmospheric Hg 280 
models. 281 
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Figure captions 287 
Figure 1a-f. Two-hourly (a) and bi-weekly (b-f) integrated relationships between automated Tekran® GOMTK, 288 
PBMTK, RMTK, flushTK1-3 measurements and manual CEM observations of RMCEM at the Pic du Midi (all units in 289 
pg m-3). RMTK = GOMTK + PBMTK nd GOMCEM = RMCEM – GOMTK (see text for details). Linear regression lines in 290 
panels c, d, e, f are forced through the origin, which has little effect on the R2 values. 291 
 292 
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Table 1. Summary of the 6-month CEM and Tekran® (TK) inter-comparison results at the Pic du Midi. St47 = 294 
Sterlitech 47mm, and Mi90 = Millipore 90 mm CEMs. PBMTK and GOMTK are not corrected for 3x flushTK3 295 
blank. GOMTK loss corrected RMTK* = PBMTK + GOMTK + flushTK1-3. 296 
Sample Start End RH O3 CO GEMTK PBMTK GOMT FlushTK1 FlushTK2 FlushTK3 FlushTK1-3 RMTK* RMCEM 
   
% ppbv ppbv ng m
-3
 pg m
-3
 pg m
-3
 pg m
-3 pg m-3 pg m-3 pg m-3 pg m-3 pg m-3 
1-St47 18/6/14 4/7/14 84 52 80 1.40 20.8 14.7 4.3 1.2 0.3 5.8 41 43 
2-St47 17/7/14 4/8/14 76 51 84 1.45 28.6 25.1 8.9 2.1 0.5 11.6 65 72 
3-St47 4/8/14 26/8/14 76 47 94 1.50 41.5 22.0 6.2 1.6 0.3 8.1 100 120 
4-St90 14/7/14 17/7/14 54 48 76 1.54 28.6 48.5 19.1 3.2 0.8 23.2 100 86 
5-St90 14/7/14 17/7/14 54 48 76 1.54 28.6 48.5 19.1 3.2 0.8 23.2 72 71 
6-St47 29/9/14 16/10/1 88 40 75 1.59 33.6 12.6 4.2 0.7 0.1 5.0 51 57 
7-St90 29/9/14 16/10/1 88 40 75 1.59 33.6 12.6 4.2 0.7 0.1 5.0 51 47 
8-St47 16/10/1 6/11/14 66 38 68 1.53 10.9 28.7 17.2 1.6 0.3 19.1 59 57 
9-Mi90 6/11/14 20/11/1 84 42 89 1.43 13.1 7.0 7.2 1.4 0.4 9.0 29 39 
10-Mi47 6/11/14 20/11/1 84 42 89 1.43 13.1 7.0 7.3 1.4 0.4 9.0 29 34 
11-Mi90 1/12/14 2/12/14 95 39 104 1.62 15.3 20.9 5.5 0.7 0.3 6.5 43 50 
12-Mi90 2/12/14 3/12/14 95 43 78 1.43 23.9 31.5 12.9 2.1 0.5 15.5 71 75 
13-Mi90 3/12/14 4/12/14 95 44 79 1.40 20.6 41.1 21.5 1.8 1.0 24.4 86 84 
14-Mi90 4/12/14 5/12/14 95 35 126 1.75 9.8 3.1 1.0 0.0 0.0 1.0 14 19 
15-Mi90 5/12/14 6/12/14 94 32 138 1.68 8.9 2.0 1.2 0.0 0.0 1.2 12 11 
16-Mi90 6/12/14 22/12/1 74 43 92 1.38 35.6 10.3 4.7 1.2 1.1 7.1 53 41 
17-Mi47 5/12/14 22/12/1 75 42 94 1.39 34.7 10.0 4.6 1.2 1.1 6.9 52 53 
18-Mi47 5/12/14 22/12/1 75 42 94 1.39 34.7 10.0 4.6 1.2 1.1 6.9 52 43 
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Table 2. Illustration of Hg loss during the flush cycles (in bold) of the automated Tekran® 1130/1135/2537B 298 
system for two typical high GOM and high PBM events at the PDM discussed by Fu et al., 2016. For both 299 
events the last two GEMTK analyses of the 1h sampling period are shown. The Tekran® system subsequently 300 
enters its 1h desorption period consisting of 3 flush cycles, pyrolizer heating cycle, 3 RPF heating cycles to 301 
quantify PBMTK, 3 denuder heating cycles to quantify GOMTK, and two additional flush cycles. Flush blanks 302 
correlate with GOMTK levels, but not with PBMTK suggesting continuous GOM loss from KCl-coated denuders 303 
and/or inlet system. 304 
 305 
High GOM event #7 - 16/05/2012 
   
High PBM event #12 - 21/02/2012 
  Local Time Cycle Type Peak Area GEM GOM/PBM /flush 
 
Local Time Flag Peak Area GEM GOM/PBM /flush
   
ng m-3 pg m-3 
    
ng m-3 pg m-3 
05:25 GEM 26867 1.47 
  
07:20 GEM 28321 1.69 
 05:30 GEM 26467 1.52 
  
07:25 GEM 26960 1.68 
 05:35 flush 1 52592 26.8 07:30 flush 1 5704 3.2 
05:40 flush 2 38508 20.7 07:35 flush 2 3240 1.9 
05:45 flush 3 21263 
 
10.8 
 
07:40 flush 3 0 
 
0 
05:50 Pyrolizer 16294 
 
8.8 
 
07:45 Pyrolizer 12242 
 
7.1 
05:55 PBM 1 194972 
 
99.3 
 
07:50 PBM 1 143855 
 
80.3 
06:00 PBM 2 11660 
 
6.3 
 
07:55 PBM 2 18719 
 
10.9 
06:05 PBM 3 4770 
 
2.4 
 
08:00 PBM 3 4062 
 
2.3 
06:10 GOM 1 302458 
 
162.5 
 
08:05 GOM 1 45615 
 
26.5 
06:15 GOM 2 7553 
 
3.8 
 
08:10 GOM 2 1385 
 
0.8 
06:20 GOM 3 3651 2.0 08:15 GOM 3 0 0 
06:25 flush 4 0 
 
0 
 
08:20 flush 4 0 
 
0 
06:30 flush 5 0 
 
0 
 
08:25 flush 5 0 
 
0 
 306 
 307 
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Figure 1a-f. Two-hourly (a) and bi-weekly (b-f) integrated relationships between automated Tekran® GOMTK, 309 
PBMTK, RMTK, and flushTK1-3 measurements and manual CEM observations of RMCEM at the Pic du Midi (all 310 
units in pg m-3). RMTK = GOMTK + PBMTK and GOMCEM = RMCEM – GOMTK (see text for details). Linear regression 311 
lines in panels c, d, e, f are forced through the origin, which has little effect on the R2 values. 312 
 313 
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Figure 1a-f. Two-hourly (a) and bi-weekly (b-f) integrated relationships between automated Tekran® 
GOMTK, PBMTK, RMTK, and flushTK1-3 measurements and manual CEM observations of RMCEM at the Pic 
du Midi (all units in pg m-3). RMTK = GOMTK + PBMTK and GOMCEM = RMCEM – GOMTK (see text for 
details). Linear regression lines in panels c, d, e, f are forced through the origin, which has little effect on 
the R2 values.  
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